We demonstrate the first low-noise mid-IR frequency comb source using a silicon microresonator. Our observation of strong Raman scattering lines in the generated comb suggests that interplay between Raman and four-wave mixing plays a role in the generated low-noise state. In addition, we characterize, the intracavity comb generation dynamics using an integrated PIN diode, which takes advantage of the inherent three-photon absorption process in silicon.
Introduction
There is significant interest in mid-infrared (mid-IR) frequency comb technology for applications in high-resolution spectroscopy and metrology [1] [2] [3] . Using a four-wave mixing (FWM) process based on the third-order nonlinearity χ (3) in a microresonator, one can generate a broadband frequency comb using parametric oscillation [4] . This has been realized in a number of different material platforms in the near-infrared [5, 6] , at telecommunication wavelengths [7] [8] [9] [10] [11] [12] [13] and in the mid-IR [14] [15] [16] [17] [18] , offering promise for a compact, chip scale comb source in the mid-IR. However, the generated microresonator-based comb is not always low-noise or phasecoherent. For example, for a comb generated with sidebands that are multiple mode spacings from the pump laser, the sidebands can generate their own 'mini-comb' with a different carrierenvelope offset frequency [19] . When these mini-combs merge, the resulting frequency comb lines will be broadened by the existence of multiple comb lines per microresonator resonance. This can be experimentally detected in the time domain or by the presence of radio frequency (RF) amplitude noise in the frequency comb arising from the beating of these overlapped minicombs [8, 19] . A high-noise microresonator comb can, in principle, transition to a low-noise state, where the overlapped mini-combs lock together, and the comb spacing across the comb equalizes. After this low-noise transition, the emergence of optical pulse trains and temporal solitons have been observed [8, 11, 13] . Here, we demonstrate the first low-noise coherent We characterize an overcoupled microresonator at 3.1 µm with a loaded quality factor of 60,000. The resonance is confirmed to be overcoupled by using the PIN diode to inject carriers into the resonance, and observing an increase in the resonance extinction. This equates to an intrinsic quality factor of 250,000.
mid-IR frequency comb source using a silicon microresonator. We observe strong comb lines separated by the Raman shift in silicon, indicating that interactions between the Raman effect and FWM results in phase locking of the generated comb. In addition, we introduce a novel technique for characterizing the intracavity comb generation dynamics using an integrated PIN diode, which utilizes the free-carriers (FC's) generated through the inherent three-photon absorption process in silicon.
Device design
For comb generation in the mid-IR, we use a silicon microresonator with an integrated PIN diode. We fabricate our devices using an etchless process that uses thermal oxidation instead of reactive-ion etching to form the waveguide core [15, 20] . The etchless waveguide is dispersion engineered to allow for anomalous group-velocity dispersion (GVD) at the pump wavelength enabling comb generation [ Fig. 1(a) ]. We characterize an overcoupled resonance of a silicon microresonator at 3.1 µm wavelength and measure a loaded quality factor of 60,000, corresponding to an intrinsic quality factor of 250,000 [ Fig. 1(b) ]. Silicon suffers from three-photon absorption (3PA) in the 2.2 to 3.3 µm wavelength regime, and the generated photocarriers can cause significant FC absorption (FCA) for long carrier lifetimes. To mitigate this, the silicon microresonators are embedded in an integrated PIN diode to enable extraction of the generated free carriers [15, 21, 22] . When a reverse-bias voltage is applied to the PIN junction, carriers are swept out of the diode depletion region. The electrical contacts for the PIN diode are spaced 4.4 µm apart, with the etchless waveguide in the center.
Experiment
The experimental setup for measuring the optical and RF spectra of the generated comb is shown in Fig. 2 . For comb generation, we pump the silicon microresonator with a singlefrequency optical parametric oscillator (Argos Model 2400). The optical spectrum is recorded using a Fourier transform infrared spectrometer (FTIR), along with a series of 500-nm bandwidth bandpass filters to resolve different sections of the generated frequency comb. In addition, the output from microresonator is measured with a commercial InGaAs photodetector and then sent to an RF spectrum analyzer. The detector bandwidth is 10 MHz. Unlike in the nearinfrared, photodetectors in the mid-IR have a significantly narrower bandwidth, restricting the RF frequency range over which the comb dynamics can be characterized. In our microresonator We pump a silicon microresonator using a cw optical parametric oscillator (OPO). The output is collected using an FTIR. We monitor the RF noise using a conventional photodiode and a PIN diode.
structure, we can circumvent this limitation by measuring the photocurrent from the generated free carriers. By applying a reverse-bias voltage at the PIN junction, 3PA-induced free carriers are extracted and a photocurrent is generated. The RF component of the 3PA-induced current is extracted using a bias-tee and sent to a second RF spectrum analyzer, which allows characterization of the intracavity power. Based on the 3PA, the FC density is proportional to the cube of the optical intensity within the cavity. Therefore, fluctuations in intracavity power will be reflected in the noise of 3PA-induced current. The detection bandwidth is largely determined by the FC lifetime, which can be controlled with the reverse-bias voltage. In addition, the wavelength response covers 2.2-3.3 µm due to 3PA in silicon. First, we investigate the RF characteristics of the generated comb using both the commercial photodiode and the PIN diode. We pump a silicon microresonator at 2.6 µm with 180 mW in the bus waveguide at a reverse-bias voltage of -12 V. We observe two different comb states [ Figs. 3(a) and 3(b) ] which correspond to high and low RF amplitude noise states, respectively. The RF noise transition is observed simultaneously in both PIN-based and photodiode-based RF measurements [Figs. 3(c) and 3(d) ]. In contrast, the RF signal from the PIN diode in Fig.  3(d) is strong enough to be measured without any amplification up to 1.8 GHz, due to the large 3PA coefficient in silicon [23] . The correspondence of both measurements, albeit at different frequency scales, confirms that the PIN-based RF measurement is indeed measuring the actual RF state of the silicon microresonator comb. The discrepancy in RF features observed in the two different measurements can be attributed to the fact that the PIN-based photocurrent response is nonlinear since it relies on 3PA, and the wavelength range of the 3PA response is different from that of the photodiode response (1.2-2.6 µm). Overall, this PIN-based measurement allows for direct monitoring of the processes occurring within the resonator and provides another means of characterizing the noise and phase-locking properties of the comb.
We investigate the comb generation dynamics in the silicon microresonator for the case in which the pump wavelength is set to 3.07 µm and the reverse-bias voltage on the PIN structure is set to -12 V. As the pump wavelength is tuned into a cavity resonance, we characterize the optical spectrum and the PIN-based RF spectrum. We use an RF amplifier (12-GHz bandwidth) to amplify the photocurrent from the PIN, and the measured DC component of the 3PA-induced current is used to monitor the intracavity power. As the pump is tuned into resonance, we ob- serve the formation of primary FWM sidebands [ Fig. 4(a)(i) ]. With further pump detuning, we observe the formation and interaction of multiple mini-combs, resulting in an increase in RF amplitude noise [ Fig. 4(a) (ii) and 4(a)(iii)]. As the pump is tuned further, an abrupt transition in the optical spectrum occurs along with a reduction of the RF amplitude noise [ Fig. 4(a)(iv) ], which is consistent with previous observations of phase-locking in other platforms [8, 11] . Additionally, Fig. 4(b) shows the DC component of the 3PA-induced current for various pump detunings. As the comb evolves to the high-noise state [ Fig. 4(a)(i)-4(a)(iii) ], we see a steady increase in DC current. When the comb undergoes a transition to the low-noise state, we observe an abrupt increase in DC current from 0.945 to 1.17 mA, which is suggestive of modelocking and pulse formation since the 3PA-induced DC current is very sensitive to temporal peak power in the cavity. To our knowledge, this is the first evidence of a coherent, low noise microresonator-based frequency comb demonstrated in the mid-IR. Figure 5 shows the low-noise comb spectrum in the frequency domain. We achieve a nearlyoctave-spanning frequency comb spanning 70-122 THz, which corresponds to 2460-4278 nm in wavelength. Interestingly, the transition to the low-noise state coincides with the emergence of multiple Raman oscillations, implying that the low-noise state is strongly influenced by simulated Raman scattering (SRS), The Raman effect has been previously observed and characterized in silicon nanowaveguides with a Raman frequency shift of 15.6 THz [24, 25] and a narrow linewidth of 105 GHz. Previous theoretical investigations have indicated that comb generation based on the Raman effect is possible with the comb spacing defined by the Raman shift [26] . In our experiment, we observe distinct Stokes and anti-Stokes peaks separated by 15.52 THz with respect to the pump frequency (indicated with green arrows in Fig. 5 ). Furthermore, other strong comb lines are separated by the Raman shift, and we observe cascaded Raman Stokes lines with respect to the primary comb line (indicated with blue arrows in Fig. 5 ). Generation of higher-order Raman lines is limited by the high optical losses due to the silica cladding beyond 4.3 µm. Another indication of the SRS process is the significantly depleted pump frequency line with power lower than the primary FWM sideband. The fact that the frequency shift of the observed Raman peaks is lower than the value of 15.6 THz at room temperature could be attributed to: 1) the spectral overlap between the cavity resonance and the Raman gain profile 2) and the decreased Raman shift in silicon with higher temperatures [27] , which is due to absorption and 3PA-induced thermal effects in the silicon microresonator. The large FSR of our device (127 GHz), along with the large Raman shift and narrow Raman gain bandwidth, makes the generation of Raman-FWM frequency comb much more sensitive to the pump laser detuning and the pump power. Another feature of this Raman-FWM comb is that, in contrast to Hansson, et al. [26] , our generated comb shows discrete high power comb lines with a spacing of 1.7 THz, which corresponds to 13 FSR's and 1/9 of the Raman frequency shift. The spacing is defined by the interplay of FWM and SRS when pumping at anomalous GVD. The high power comb lines that emerge in this final state dominates the phase locking and pulse formation. Our results indicate that, in contrast to conventional FWM-induced phase-locked frequency combs, phase-locking in our system occurs as a result of a combination of coherent generation of Stokes and anti-Stokes frequencies from SRS [28] , and FWM interactions between the different Stokes and anti-Stokes pairs, enabling broadband coherent frequency comb generation.
Conclusion
In conclusion, we demonstrate near-octave spanning, coherent mid-IR frequency comb generation in a silicon microresonator. The high-repetition rate phase-locked state is a result of the interplay between FWM and SRS. The integrated PIN structure allows for direct probing of the RF characteristics of the comb generation dynamics by exploiting silicons intrinsic 3PA loss. We believe these results represent a significant step toward a fully integrated frequency comb source in the mid-IR regime.
